The RAPD (random amplified polymorphic DNA) fingerprinting method, which utilizes low stringency PCR amplification with single primers of arbitrary sequence to generate strain-specific arrays of anonymous DNA fragments, was calibrated relative to the widely used, protein-based multilocus enzyme electrophoretic (MLEE) typing method. RAPD fingerprinting was carried out on five isolates from each of 15 major groups of Escherichia coli strains that cause diarrheal disease worldwide (75 isolates in all). Each group consisted of isolates that were not distinguishable from one another by MLEE typing using 20 diagnostic enzyme markers. In our RAPD tests, three or more distinct subgroups in each MLEE group were distinguished with each of five primers, and 74 of the 75 isolates were distinguished when data obtained with five primers were combined. Thus, RAPD typing is far more sensitive than MLEE typing for discriminating among related strains of a species. Despite their different sensitivities, the same general relationships among strains were inferred from MLEE and RAPD data. Thus, our results recommend use of the RAPD method for studies of bacterial population genetic structure and evolution, as well as for epidemiology.
INTRODUCTION
Methods for distinguishing individual bacterial strains and estimating nucleotide sequence diversity are important for detecting and tracing disease outbreaks, and for understanding the genetic structure and evolution of microbial populations. Arbitrary primer PCR (also called 'RAPD' for random amplified polymorphic DNA) (1,2) is one of the most promising of these methods. It uses single oligonucleotides of arbitrarily chosen sequence to prime DNA synthesis at low stringency from pairs of sites to which the oligonucleotide is matched or almost matched. This generates strain-specific arrays of amplified DNA fragments. The formation of these arrays does not depend on prior knowledge of the nucleotide sequence, nor is it affected by DNA modifications that complicate typing by restriction enconuclease digestion of genomic DNA. Because the RAPD method is PCR-based, only nanogram quantities of DNA are required and the DNA need not be double-stranded, highly purified, or of high molecular weight. These features make the RAPD method especially useful for organisms that grow slowly, or for which culturing large volumes is costly or hazardous.
Much of population genetic research over the last two decades has relied on the protein-based, multilocus enzyme electrophoresis (MLEE) method (see 3, 4) . MLEE detects different alleles of diagnostic genes by scoring the electrophoretic mobilities of the enzymes they encode. Mobility differences usually reflect differences in charge (amino acid sequence) of proteins, and thus a large fraction of single base pair differences in the genes encoding them. In using MLEE data, it is generally assumed that isolates exhibiting the same mobility for a given enzyme contain the same allele of the underlying gene. MLEE studies have shown that relatively few combinations of alleles or multilocus genotypes predominate in some bacterial species. Isolates with the same multilocus genotype have been referred to as 'clones', because of their homogeneity with respect to many variable characters, and an assumption that this similarity reflects recent descent from a common ancestor (3, 4) .
We present a RAPD analysis of £. coli isolates of known MLEE type that helps calibrate the RAPD and MLEE methods. The 75 strains used consist of five isolates from each of 15 MLEE groups that collectively represent 70% of five major O-serogroups of E.coli associated with diarrheal disease around the world ( Fig.  1; ref. 5 ). The isolates in any given MLEE group had not been distinguishable from one another by typing with any of 20 diagnostic enzymes.
Our results show general agreement between the grouping of E.coli strains obtained by RAPD and by MLEE typing. A recent study of 24 Trypanosoma cruzi isolates and several other species of parasitic protozoa also noted a general agreement between *To whom correspondence should be addressed MLEE and RAPD typing (7) . However, our experiments also show that RAPD typing with a few arbitrary primers is much more sensitive than MLEE typing with 20 diagnostic enzymes, and thus recommends it for epidemiologic and population genetic analyses of diverse organisms.
MATERIALS AND METHODS Bacteria
Seventy-five E.coli clinical isolates belonging to 15 major MLEEdefined groups (five isolates per group) were used ( Fig. 1; ref. 5 ).
DNA preparation
Genomic DNA was extracted from 1.5 ml of stationary phase E.coli cells as follows: The cells were spun for 2 min in a microcentrifuge, suspended in 567 /il of 50 mM Tris, 50 mM EDTA, pH 8.0 plus 30 /*1 10% SDS and 3 /d of 20 mg/ml proteinase K and incubated 1 hr at 37°C. Then 80 pi of 10% CTAB in 0.7% NaCl was added and the mixture was incubated for 10 min at 65°C. The solution was extracted with 750 jtl of chloroform/isoamylalcohol (24:1), spun, and the aqueous phase was re-extracted with phenol/chloroform/isoamylalcohol (25:24:1). DNA was precipitated from the aqueous phase with 500 ill of isopropanol, the precipitate was washed with 70% ethanol, dried briefly and resuspended in 100 ^1 of 50 mM Tris, 50 mM EDTA, pH 8.0. An aliquot was electrophoresed in a 1 % agarose gel and stained with ethidium bromide to estimate the DNA yield, and verify DNA integrity. id aliquots of the products were electrophoresed in 2% agarose gels containing 0.5 /tg/ml ethidium-bromide in the gel and 1X Tris-acetate running buffer, and the gels were photographed under UV light. The 1 kb DNA ladder (Gibco, BRL) was used as a size marker in all gels.
RAPD fingerprinting

RESULTS
Ten primers that had been useful in RAPD studies of other microbes (8, 9) were screened with a few representative isolates from our collection of diarrheagenic E.coli (DEC) strains, and five primers that yielded die largest number of clear bands were selected for detailed testing of sequence divergence among isolates. First, RAPD profiles from one representative of each of the 15 MLEE groups were generated with each primer (Fig.  2) . We found that: (i) multiple bands were obtained from each isolate (3 to ~20, depending on the primer and strain); (ii) isolates in closely related MLEE groups yielded similar arrays of RAPD fragments (e.g. from DEC 1 and 2, or from DEC 3, 4 and 5; see to each other. For example, with primer D-14307, a 0.95 kb band was obtained from each of the ten isolates, and a 1.45 kb band was obtained from nine of the ten isolates, in the closely related groups DEC 1 and 2 (Fig. 3) . These bands were not obtained from isolates in any of the other MLEE groups (the other groups are not closely related to DEC 1 or 2; see Fig. 1 ). The RAPD tests showed that the isolates in a given DEC group were generally not identical to one another, however. For example, again with primer D-14307, a 0.82 kb and a 0.33 kb band were each generated from just one isolate from the DEC 1 and 2 groups, and a 1.3 kb band was generated from just one of five DEC 1 isolates and two of five DEC2 isolates.
The reproducibility of differences in RAPD profiles was tested using DNAs prepared from different single colony isolates of the same strain on different days. The arrays of RAPD products from these sibling DNA preparations were highly reproducible for fragments up to about 3.5 kb in size for each of 40 strains tested (see Fig. 4 ). Even the relative intensity of individual bands was highly reproducible (see, for example, faint vs. strong 1 kb bands from DEC 12 strains in Fig. 4) .
The most informative of the RAPD primers (D-14307) distinguished each of the five isolates in 11 of the 15 MLEE groups, and 66 different strain types overall (Fig. 3) . Each of the other four primers also distinguished at least several distinct strains in each group of five, and 53 or more strains in the set of 75 isolates tested ( Table 1) . Consideration of the results obtained with each of the five primers distinguished 74 of the 75 strains tested.
The extent of divergence between MLEE groups was estimated using the fraction of bands shared between groups (data available from TSW on request), and compared with the extent of divergence estimatd from MLEE data (Fig. 5) . The correlation coefficient was 0.76 for the 105 pairwise comparisons, indicating close agreement between estimates of divergence based on MLEE and RAPD typing data.
DISCUSSION
Our results showed that RAPD tests with just one or a few short arbitrary primers are more sensitive than conventional multilocus enzyme electrophoresis (MLEE) for detecting differences between closely related E.coli isolates. We studied 75 isolates drawn from 15 major MLEE groups of diarrheagenic E.coli strains from around the world. While MLEE tests with 20 enzymes separated the 75 isolates into 15 groups, RAPD tests with just five primers distinguished 74 of the 75 isolates, but showed greater inter-group than intra-group variation. It is thus clear that individual MLEE groups of diarrheagenic E. coli strains are quite diverse, and that RAPD typing has far greater power to discriminate among them than does MLEE typing. Consistent with the diversity seen here, MLEE tests with 19 additional enzymes subdivided some of the original 15 groups, and thus distinguished 25 groups overall in this collection of 75 strains (10) . E.coli strains have also been distinguished by pulsed field gel electrophoresis (11), Southern blotting with insertion sequence (IS) probes (12) , and phage typing (13) . However, each of these methods is less efficient than RAPD typing when numerous isolates are to be examined. Given the high sensitivity and efficiency of RAPD typing, it is noteworthy that the relationships among strains inferred from its use are in good agreement with those inferred from MLEE typing (Fig. 5) .
Statistical methods for relating RAPD data to sequence divergence have been developed recently (14) , by assuming that amplification depends on an exact match in sequence between the oligonucleotide primer and the primer binding site, and that the disappearance (or appearance) of a band in a profile reflects nucleotide sequence substitutions in the primer binding site. In recent Southern hybridization tests using cloned RAPD fragments from E.coli K-12 laboratory strains, we identified two fragments for which polymorphisms can be attributed to point mutations, but also two others for which polymorphisms often reflect deletion events (15) . Corrections to allow more accurate estimates of rates of nucleotide sequence divergence within and between MLEE groups, and thereby a better understanding of forces guiding microbial evolution, could be obtained by further characterization of additional polymorphic RAPD bands. Even without these calibrations, however, it is clear that RAPD tests provide a sensitive, efficient and reliable means of distinguishing closely related strains, and are thus of great value in epidemiologic and evolutionary studies.
